Numerical results from a previously described model of diffraction scattering with nonshrinking forward peaks are presented, and the model is reformulated in terms of quarks with a view to making it more realistic.
I. INTRODUCTION
I N an earlier paper 1 we described a model of highenergy diffraction scattering based on the assumption that the asymptotic form of the scattering amplitude is isj(t). We also obtained from the model an integral equation for j(t), the shape of the diffraction peak.
We should like, here, to report on approximate solutions to this integral equation obtained numerically on a computer. The results obtained have a number of features in common with experimentally observed diffraction peaks, and they seem sufficiently encouraging to warrant pursuing the model further.
There were some oversimplifications in the original version of the model, the most serious of which was that the model was phrased in terms of only a single kind of particle (a "parton"?). We calculated cross sections, multiplicities, and so forth, only for this "particle" and made no attempt to predict from the behavior of these what the corresponding quantities for the spectrum of physically observable particles should be. There are really only two things with which this particle could be identified. It could be just any one of the existing spectrum of strongly interacting particles, or it could be a quark. In the first case, it must be assumed that at very high energies, all strongly interacting particles behave in the same way. In particular, all elastic scattering amplitudes should become equal; and indeed this is not too far from what is observed even at present energies. There is a difficulty with this interpretation, however, and it is that the average multiplicity predicted by the model for the basic particle is, asymptotically, constant. If our particle is itself any hadron, this prediction see~s to be at variance with experiment. 2 Thus the model might be, at best, only approximately true in some limited energy range.
If, however, the second interpretation of our parton obtains and it is in fact a quark, then there is no difficulty with the multiplicity. It is only the quark multiplicity that is predicted to be a constant, not the multiplicity of observed hadrons. If the quark multiplicity is constant, thenstates will be produced with a mass which increases as the total energy of the reaction increases. States ofwith high mass also have high spin, so they will decay into hadrons. How many hadrons they decay into depends on quark dynamics and cannot therefore be predicted cleanly; nevertheless, one may expect that the higher thespin, the larger the number of stable hadrons which will finally be produced. Thus the multiplicity of observed hadrons will grow, albeit in a way we cannot easily predict, if our particle is identified with a quark.
One further remark is worth making at this point. Whatever the interpretation of our particle, the model we have is not a model of the multiperipheral or multiRegge3 type, although it has certain similarities to these. Our model is mathematically equivalent to what one would obtain from a multi-Regge model with multiple exchange of a flat Pomeranchon having a trajectory of ap= 1, and for which the internal coupling constant vanishes like (logs)-1 ' 2 • However, in a true multi-Regge theory the internal vertices cannot depend on the total energy, but only on the two adjacent momentum transfers and a Toller angle w. 4 If one feels compelled to identify our model with some sort of diagram structure, the simplest diagram which might have the behavior we propose is that shown in Fig. 1 .
II. SOLUTION TO INTEGRAL EQUATION
Let us first consider the possibility that our particle is any hadron. Then, as in the original version of the model, 1 the integral equation obtained from the require- • K. ter-Martirosyan, Zh. Eksperim. i Teor. Fiz. 44, 341 (1963) *Work supported in part by the U. S. Atomic Energy Com- [Soviet Phys. JETP 17, 233 (1963) 
The range of integration in Eq. (2.2) is over all /1 and t2 such that the argument of the square root is positive.
The constant C is a parameter. The normalization is such that j(O) =ur, the total cross section, and g(O) =u ., the elastic cross section. Thus Cg(O)=ln(ur/u.).
( 2.3)
The differential cross section is given by
To study possible analytic solutions to Eqs. (2.1) and (2.2),let us first redefine g and jby dividing by 81r. The resulting equations are
where C' is 81rC. We now expand both g and fin a power series in C' and identify coefficients:
The first few equations are as follows: where P,. is a known polynomial function of its arguments. The Bessel transform of a function is
and will be denoted 
which is a typical form used to fit diffraction phenomena. 
where we have used the fact that ( 1-2F o) is ± 1. Thus for sufficiently small C', we obtain a solution for each possible Fo, and there are therefore infinitely many solutions to our system of equations. In practice the difficulties in performing repeated Bessel transforms numerically make the above method of solution impractical and, furthermore, the series may not converge at all for the rather large value of C' (C',.,2) that seems to be indicated by experiment. To attempt to find a solution numerically, we will simply guess a function j(t), and if it nearly reproduces itself through Eqs. (2.1) and (2.2), we shall then accept it as an approximate solution.
We chose to try a four-parameter .form of g(t) :
A value of j(O) was imposed (and taken to be 112 
GeV-4 in conformity with the experimental value of the proton-proton total cross section; this number sets the dimensional scale) determining C for each value of g(O) used. Then a computer search among the four numbers g(O), n, to, and a was made to find the optimal values for which the input and once-iterated solutions best agreed. 5 The best-fit input-output values of j(t), together with the results of a second iteration, are shown in Table I ; we see that the input and output differ by less than 30% over 14 decades in size. 
It is interesting to note that our optimum value of n was 4.1. A popular theory of large-t proton-proton scattering states that j(t) should be proportional to the square of the electromagnetic form factor of the proton 6 : Phys. Letters 38B, 67 (1968). solution and experiment; thus we are encouraged to pursue the model further.
III. EXTENSION TO QUARK MODEL
Let us rephrase the model in terms of quarks. There are three kinds of quarks with two spin states each; let us label these by indices a, {j, · · ·, etc., ranging from 1 to 6. Let us assume that the elastic scattering amplitude for a quark a or a quark {j is of the isj(t) form, and let us assume that it factors. Thus we write, at large s and fixed t,
A representation of this process is shown in Fig. 3(a) . We may think of Ua(t)] 1 ' 2 as the coupling of a flat Pomeranchon to the quark a.
It should be noted that a factorized form of this sort could lead to difficulties in the description of scattering from large composite systems. This is the same difficulty remarked on originally with regard to the factorization of Regge residues and the applicability of Regge theory to heavy nuclei. 8 The difficulty is that if the scattering of a quark from an individual quark is as given in Eq. (3.1), and if a large composite system is made up of N quarks, then one might say that the amplitude to scatter from the composite system is
This leads to the result that the total cross section for a quark on the large system is N times the quark-quark cross section for a quark on the large system is N times the quark-quark cross section. Yet experimentally total cross sections or nuclei grow like A 2 ' 8 rather than A. The resolution of the difficulty lies in the fact that multiple-scattering phenomena are important, so that for large composite objects the form assumed above for the amplitude is invalid. This point is returned to with an estimate of the importance of multiple scattering in Sec. IV.
Next, as in the simplified version of the model, let us represent the amplitude to produce Npairs of type
The corresponding diagram and labeling is shown in Fig. 4(b) . The quarks must be produced diffractively in pairs, so that "it stands for the antiquark of the quark 'Y1· P y(t) is a quark propagator between the two Pomeranchon couplings attached to the 'Y quarkantiquark pair. F y 1 ... 7 JIT(s) with N =0 is just s, in conformity with Eq. (3.1).
We continue to proceed as before; the next step is to impose s-channel multiparticle unitarity. This yields in complete analogy to Ref. We may note that for large quark mass p"'(t) becomes a constant.
We shall now assume, as before, that the internal quark-Pomeranchon vertices vanish. We then choose (3.6) where Cis some constant. This amounts to assuming that the partial cross sections uN to produce Npairs At this point we shall simplify the model by assuming SU(6)w symmetry (thereby neglecting the indices) and by assuming p(t) to be a constant. We then find
F "11···"1N(s) =s(-n-C/lns)N,

j(t)=g(t) cosh([Cg(t)Jll 2 ).
(3.10) This is very much the same as the corresponding equation of the original version of the model, namely, Eq. (2.1). The quark-quark or quark-antiquark total cross section is simply f(O); the quark-quark (or quarkantiquark) differential cross section is (1/1611") I j(t) j 2 •
The function g(t) is related to j(t) by Eq. (2.2).
To obtain an approximate solution to Eq. (3.10), we employ the same method as for the original version of the model. However, j(O) is now normalized to 12 GeV-4 in accordance with the expected 9:1 ratio of total cross sections. The. trial function used was that given in Eq. (2.14). The results for the best values of the parameters are given in Table II . Again we are able to obtain a function that reproduces itself rather well and is quite stable under an additional iteration. The values of the parameters in this case were g(0)=1.15, n=4.5, to=S.O, and a= --'0.5. As before, no appreciable improvement was obtained by trying a more complicated trial function .
In Fig. 4 , J(t)/f(O) is plotted. Note that the t dependence is much flatter than that shown in Fig. 2 in the small-t region while behaving in a manner similar to the first case for large t. This behavior is consistent with our earlier result in that one would expect wavefunction effects to be more important at small t and to cause a more rapid falloff-in that region. We will consider this point in more detail in Sec. IV .
IV. PHYSICAL IMPLICATIONS
Once we have the quark-quark elastic amplitude j(t), we must ask how to translate our results into predictions about observable particles. To do this, we first have to note that the impulse approximation may be adequate to deal with the scattering of two composite objects made up of quarks.
The mean free path for a quark in quark matter, assumingO"qg=to-pp"'4.5 mb, is about sxl0-13 em if the density of quarks in quark matter is 2Xl03 8 cm-3 (corresponding to a meson radius of 1.4X1Q-1 3 em). This matches the radius of the blob of quark matter, 1.4N 1 ' 3 X1Q-13 em, when N is around 3. Thus multiple scattering of quarks is irrelevant in mesons or baryons, though it may become important in nuclei. If multiple scattering from the quark constituents in mesons and baryons can be neglected, then we may . write for the elastic scattering amplitude of two hadrons just the impulse approximation result:
.
where t= -.l 2 , and N, N' are the number of quarks in the two composite particles.
If as before we assume SU(6)w for the vertices and drop the indices a, {3, ••. on the quarks, this reduces to
T=isj(t)NN'V1;(t) V1';'(t),
( 4.2) where we define the form factor V1;(t) by Note that V;;(0)=1 in virtue of the normalization of the wave functions. At t=O, consequently, and for elastic scattering, the additive quark model applies. 9 Away from t=O, some t dependence is introduced through the wave function as well as that arising from the basic quark-quark scattering described by j(t). We do not know much theoretically about the quark wave functions; therefore it follows that we know little about the form factors V(t). However, we can reverse our thinking and use experiment plus a theoretical calculation of f(t) from the integral equation (3.10) to evaluate V(t), and thus learn something about the quark wave functions. From this point of view, V(t) for the nucleon is just the following:
V(t) =i[fpp(t)/ fqq(t)] 112 •
The resulting V(t) is shown in Fig. 5 .
V. CONSEQUENCES (4.4)
First note that diffraction scattering (for example, meson-meson) proceeds through the diagrams shown in Fig. 6 . These quark diagrams clearly show the repeated vacuum exchange in the t channel which intuitively may be expected to correspond to diffraction. The fact that we have assumed SU(6)w symmetry and have not permitted the "coupling" to change the SU(6)w quark index means that we automatically obtain SU(6)w selection rules for diffraction dissociation. These are consistent with observed data. 10 Next, note that at t=O the simple additive quark model holds, as we saw in Eq. (4.2). Thus the total cross sections are in the usual ratio 9:6:4: 1 for
UBB; U MB; U M M; U qq•
The fact that V(t), shown in Fig. 5 , becomes constant at large t indicates the presence of a hard core, albeit with a rather small coefficient, in the spatial wave function. The spatial extent of the wave function can be deduced from the slope of V(t) at t=O, and this slope 9 H. }. Lipkin et al., Phys. Rev. 152, 1375 (1967 , and references therein.
10 R. Carlitz, S. Frautschi, and G. Zweig, Phys. Rev. Letters 23, 1134 . _E ___ E _ _ ------corresponds to an rms radius of about 0.8 F, which is a quite reasonable value.
Let us next turn to production processes. Qualitatively, meson production in meson-meson collisions, for example, will be described by associating qij_ pairs in the quark production amplitudes, keeping in mind the rule 11 of quark diagrams that a quark and an antiquark in the same meson cannot annihilate one another. One cannot, therefore, associate the quark and antiquark in a given producedpair. A typical acceptable diagram is shown in Fig. 7 . Analogous diagrams hold for other production processes.
At the present level of complication, ratios of kinds of particles produced are simply those inherent in SU(6)w. Space-time structure is not included, since with the additive quark model we do not use qij_ wave functions in constructing the final meson states.
Without knowledge of the wave functions, we cannot say anything definitive regarding the observed multiplicity. The average multiplicity of qij_ pairs is easily calculated from the model to be (5.1) and, of course, constant. Numerically, we may expect (uT/u.) for quarks to 9(uT/u.) for proton-proton scattering and thus about SO. This gives (N)""2.25, so that the average number of quarks produced is around 4.5. Now as the energy s increases we do not produce more qij_ pairs but we do increase the mass of each produced meson (qij_ bound state). The spin of these mesons therefore also increases. Thus as s grows, we are producingbound states of higher and higher spin, and these decay into larger and larger numbers of low-spinresonances which are the final observed particles. The observed multiplicity must, then, grow, but how it grows depends on quark dynamics; it depends on the product of the amplitude to produce qlj_ states of spin J and the amplitude for a state of spin J to decay into a given: number of (relatively stable) particles. This is an extension of the study in an earlier paper on meson-decuplet scattering to two sets of coupled reactions: (1) PB10 -+ PB1o, PB10-+ PBs, PBs-+ PBs and (2) PV-> PV, PV-> PP, PP-> PP. P and V refer to the pseudoscalar-meson octet and vector-meson nonet, respectively, while Bs and B 10 correspond to the octet of J P =!+baryons and decuplet JP = J+ baryons, respectively. Some consequences of local duality are examined and compared with experiment in limited energy regions for the above reactions. The assumption that the imaginary parts of the direct-channel helicity amplitudes vanish in the forward (backward) scattering if the crossed t channel (u channel) is exotic leads to systems of equations relating resonance contributions in the direct channel. The solutions predict certain patterns of particles degenerate in mass but with different SU (3), spin, and parity assignments. In particular, the inclusion of spin considerations yields the result that the particles on leading trajectories must be accompanied by daughters with prescribed ratios of coupling constants between the parent and daughter states. We discuss the link between our results and those which follow from a complementary description in terms of Regge residues.
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